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Abstract

Far-ield Raman spectroscopy and tip-enhanced Raman spectroscopy were used to investigate 20-nm-thick amorphous carbon 

ilms and 3-nm-thick carbon overcoats of commercial hard disk drives. Enhancement of the Raman signal on both samples 

was observed indicating the activation of surface plasmons. The largest enhancement was found for the 3-nm-thick carbon 

overcoat of a commercial hard disk suggesting that the chemistry of nanometer-thick carbon ilms can be studied using tip-

enhanced Raman spectroscopy with high sensitivity and resolution.
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1 Introduction

In the last decade, tip-enhanced Raman spectroscopy has 

been utilized for sensing and chemical imaging of materials 

and especially carbon materials on the nanoscale [1, 2]. In 

order to realize tip-enhanced Raman spectroscopy, a Raman 

spectrometer is coupled with either an atomic force micro-

scope, a shear force microscope or a scanning tunneling 

microscope [3]. The laser light of the Raman spectrometer 

is focused on the metalized tip of any of those scanning 

devices. If the tip is in close proximity of the surface of 

interest, the metalized tip acts as an antenna for light, induc-

ing surface plasmons and consequently enhancing the emit-

ted electric ield [4–6]. Due to the large ield enhancement 

encountered, materials known to be weak Raman scatterers 

can be probed with high resolution. Hayazawa et al. investi-

gated single-wall carbon nanotubes and amorphous carbon 

ilms by tip-enhanced Raman spectroscopy and compared 

the respective far-ield spectra with the tip-enhanced sig-

nals. For single-wall carbon nanotubes, they demonstrated 

a selective enhancement of the G-peak, while amorphous 

carbon exhibited a more pronounced D-peak [7]. Chen et al. 

veriied a spatial resolution of 1.7 nm using tip-enhanced 

Raman spectroscopy with a scanning tunneling microscope 

and individual carbon nanotubes as probed material. Local 

defects, bundling efects and diferent types of carbon nano-

tubes were imaged with high resolution. In addition, the 

authors showed a stronger enhancement of the G-peak com-

pared to the D-peak [8]. Using a tip-enhanced Raman setup 

based upon a scanning tunneling microscope, Liao et al. 

could verify a spatial resolution of 0.7 nm for individual car-

bon nanotubes. The high resolution makes tracking of strain-

induced structural changes possible. Bending experiments 

on individual carbon nanotubes and in situ tip-enhanced 

Raman spectroscopy measurements revealed a split up of 

the G-peak which depends on the degree of deformation [9]. 

Saito et al. studied the inluence of the polarization of the 

exciting laser source on the resulting spectra of single-wall 

carbon nanotubes recorded by tip-enhanced Raman spec-

troscopy. The polarization was varied between s-polarization 

(parallel to the sample plane) and p-polarization (perpen-

dicular to the sample plane). They observed a selective 

enhancement of the G-peak using s-polarized laser light, 

while p-polarized light enhances more the radial breathing 

mode. This selective enhancement of vibrational modes can 

be explained by the connection of the laser polarization and 

the orientation of vibrational moments on the molecular 

level. Comparing far- and near-ield measurements, Saito 

et al. [10] observed a maximum enhancement factor of 2.5 

for the G-peak. As demonstrated in the studies discussed 

above, tip-enhanced Raman spectroscopy is a powerful tool 
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for studying changes in structure and chemistry of carbon 

nanoparticles and/or nanometer-thick carbon ilms with high 

accuracy and sensitivity.

In this study, 20-nm-thick amorphous carbon ilms con-

sisting of  sp2- and  sp3-hybridized carbon were investigated 

by tip-enhanced Raman spectroscopy. In addition, carbon 

overcoats used in hard disk drives with a ilm thickness of 

two to three nanometers were studied using tip-enhanced 

Raman spectroscopy. Our goal is to verify that tip-enhanced 

Raman spectroscopy can be used to characterize struc-

tural changes in nanometer-thick carbon ilms with mixed 

 sp2–sp3-hybridization as used for carbon overcoats in com-

mercial hard disk drives.

2  Experimental

2.1  Plasma-enhanced Chemical Vapor Deposition

Amorphous carbon ilms with a thickness of 20 nm were 

deposited on a silicon wafer using the following procedure. 

First, the wafer was cleaned and stripped of its native oxide 

layer. The silicon wafers used in this experiment were metal-

backed p-type < 100 > wafers. The native oxide layer was 

removed by dipping the wafer in a 2% hydroluoric acid bath 

for 5 min, and a 20-nm-thick amorphous carbon ilm was 

deposited using plasma-enhanced chemical vapor deposi-

tion. The ilms were deposited on the polished bare silicon 

side of the wafer. An Oxford Plasmalab 80 was used as depo-

sition tool. The amorphous carbon was deposited by decom-

posing methane at 100 mTorr pressure, 20 °C temperature 

and 50 standard cubic centimeters per minute low rate using 

250 W of RF power.

2.2  Commercial Hard Disk Drive

The hard disk drive media was cut from a 3.5-inch aluminum 

disk intended for use in production drives. The carbon over-

coat on the media was about 2.5 nm thick and was fabricated 

by conventional sputtering techniques. The carbon overcoat 

is protected with a monolayer of perluoropolyether-based 

lubricant of approximately 1.5 nm thickness.

2.3  Tip-Enhanced Raman Spectroscopy

Tip-enhanced Raman measurements were performed using 

confocal Raman spectrometer (Renishaw inVia) coupled 

with an atomic force microscope (Nanonics MV 2000), as 

schematically shown in Fig. 1.

A 532-nm excitation laser was used with acquisition time 

of 60 s. The optics within the Raman spectrometer consist 

of a 130 cm−1 cutof EDGE ilter for the 532-nm laser with 

a 2400 grating and a 1024 pixel deep-depletion CCD. The 

atomic force microscope was controlled by two piezoelec-

tric drivers, one that controlled the movement of the sample 

stage in X–Y and one that controlled the tip in X–Y–Z. The 

tips were cantilevered tapered glass micropipettes designed 

for tip-enhanced Raman measurements with a gold nano-

particle placed at the end of the tip. The tip was mounted 

on a tuning fork. The tuning fork was used to control the 

distance between the tip and the sample surface. The tip was 

manually moved to be within several microns of the surface, 

and the SPM controller moved the tip into contact with the 

surface using the resonance frequency of the tuning fork for 

feedback.

Tip-enhanced Raman spectroscopy measurements (near-

ield) were performed with the laser being focused on the 

gold tip. For far-ield measurements, the tip was retracted 

approximately 200 nm from the surface and moved laterally 

out of range by more than 50 microns. The far-ield measure-

ments were acquired at the same sample location as the near-

ield measurements. To obtain new locations on the same 

sample, the lower piezoelectric driver was used to move the 

sample to the new position while the tip was out-of-contact 

with the surface. The location of the tip with respect to the 

laser was adjusted using continuous Raman acquisitions. 

Both far-ield and near-ield measurements were performed 

at each location.

3  Results and Discussion

Far-ield Raman spectra of all samples (carbon-coated sili-

con and carbon-coated hard disk surface) were irst obtained 

in order to determine the reference state. Figure 2a shows the 

corresponding far-ield measurements for the 20-nm amor-

phous carbon ilm while Fig. 2b shows the far-ield meas-

urements for the 3-nm carbon overcoat in a hard disk drive. 

Figure 2c, d shows the corresponding far-ield measurements 

for both samples using a longer acquisition time of 3 min.

Fig. 1  Schematic illustration of the used tip-enhanced Raman spec-

troscopy system consisting of an atomic force microscope and a 

Raman spectrometer
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As can be seen in Fig. 2a, b, the spectra for the 20-nm 

amorphous carbon ilm and the 3-nm carbon layer of the 

hard disk drive are similar. Both spectra show a broad 

Raman peak centered at around 1500 cm−1. The broad 

Raman peak is typical for amorphous carbon ilms and is 

a convolution of the D-peak and G-peak. Line broadening 

can be correlated with the existing cluster size and the 

cluster distribution in amorphous carbon ilms. Moreo-

ver, residual stresses in the ilm due to fabrication can 

also contribute to a broadened Raman peak [11]. Addi-

tionally, it can be observed that both samples give a weak 

Raman signal with low intensity and poor signal-to-noise 

ratio. This is because of the small carbon layer thickness 

of approximately 20 and 3 nm, respectively, and the used 

experimental conditions, which were necessary to allow a 

direct comparison between far-ield and near-ield meas-

urements [12, 13]. Furthermore, the signal-to-noise ratio 

can be inluenced by foreign atoms such as hydrogen or 

nitrogen incorporated in the carbon network during fabri-

cation [12]. The signal-to-noise ratio and the Raman spec-

tra can be improved by using longer acquisition times. Fig-

ure 2c, d shows the far-ield Raman spectra of the 20-nm 

amorphous carbon ilm and the 3-nm carbon overcoat in a 

hard disk drive, respectively, measured with an increased 

acquisition time of 3 min. Similar to Fig. 2a, b, the spectra 

demonstrate a broad peak centered at around 1500 cm−1 

(convolution of the D-peak and G-peak) with an increased 

intensity and improved signal-to-noise ratio. This peak can 

be deconvoluted and structural information can be gained.

Figure 3 shows a comparison of the far-ield and near-

ield measurements for the amorphous carbon ilm with a 

thickness of 20 nm [(a) and (b)] and the 3-nm carbon over-

coat of a hard disk [(c) and (d)]. Far-ield and near-ield 

spectra were taken at the same position keeping all param-

eters constant. Two diferent measurements are shown in 

order to demonstrate the repeatability of the obtained results.

The far-ield spectra for the amorphous carbon ilm and the 

carbon overcoat of a hard disk show a weak signal with a broad 

peak located at approximately 1540 cm−1. On the other hand, 

the respective near-ield measurements show a completely dif-

ferent behavior. In the case of amorphous carbon, two distinct 

peaks can be observed, located at 1348 and 1605 cm−1, respec-

tively. These peaks can be related to the D-peak and G-peak 

of typical carbon systems. It is apparent that the near-ield 

spectrum is enhanced compared to the far-ield measurement. 

In addition to these two peaks, a number of additional peaks 

and shoulders arising at diferent Raman shift values can be 

observed. The appearance of these peaks is in good agreement 

with Veres et al., who studied amorphous carbon ilms and 

hydrogenated amorphous carbon ilms by surface-enhanced 

Raman spectroscopy. They explained the appearance of those 

additional peaks by the “composite character” of the D-peak 

and G-peak. The D-peak and G-peak can be regarded as inho-

mogeneously broadened bands consisting of a large number of 

Fig. 2  Far-ield Raman spectra 

for a a 20-nm amorphous 

carbon and b a 3-nm carbon 

overcoat of a hard disk drive 

measured at diferent positions. 

c and d shows the far-ield 

Raman spectra for a 20-nm 

amorphous carbon and a 3-nm 

carbon overcoat of a hard disk 

drive, respectively, using a 

longer acquisition time of three 

minutes
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individual components. The concentration and Raman cross 

section of each individual structural unit as well as the distance 

between the tip and the structural unit determine which unit is 

selectively enhanced [14]. Kudelski and Pettinger [15] pointed 

out that the narrow Raman peaks can be traced back to local 

variations in the carbon coniguration. For the 20-nm-thick 

amorphous carbon ilm, the maximum enhancement factor for 

the D-peak and G-peak is about 8 and 3.5, respectively.

In order to calculate the enhancement based upon the 

enhancement factor, the diferent spot sizes of the far-ield and 

near-ield measurements need to be taken into consideration. 

This can be calculated using the following equation

where Vfocus represents the volume of the excited far ield, 

Vtip represents the volume of the excited ield near the tip and 

C represents the contrast between the far-ield and the near-

ield measurements. Assuming a cylindrical volume ield 

from the laser, we can express Eq. (1) as

(1)EF = C
Vfocus

Vtip

,

(2)EF = C
�r

2
far

hfar

�r
2
tip

htip

,

where rfar denotes the radius of the laser spot in the far ield, 

hfar represents the height of the far-ield focus, rtip represents 

the radius of the laser sport in the near ield and htip repre-

sents the height of the near-ield focus. For the far ield, 

rfar and hfar are about 3 µm and 500 nm, respectively, while 

for the near ield, rtip and htip are roughly 100 and 20 nm, 

respectively. Based upon Eq. (2), the enhancement for the 

D-peak and G-peak in the case of the 20-nm amorphous 

carbon ilm can be calculated to be approximately 180 × 103 

and 78 × 103, respectively.

In the case of the 3-nm carbon layer of a hard disk, similar 

experimental results were obtained. The near-ield spectra 

show a signiicant enhancement with a pronounced D-peak 

and G-peak at a Raman shift of 1350 and 1582 cm−1, respec-

tively. The maximum enhancement factors are about 47 and 

36 for the D-peak and G-peak. This leads to an enhancement 

by 1057 × 103 for the D-peak and 810 × 103 for the G-peak.

Based upon Fig. 3, it is apparent that the near-ield spec-

tra for both samples are enhanced compared to the far-ield 

measurements and that the signal-to-noise ratio is improved. 

In order to explain these observations, diferent aspects have 

to be taken into consideration. The two samples may dif-

fer in the degree of amorphicity and the ratio of  sp2–sp3 

hybridization, which can inluence the measurements and 

signal-to-noise ratio. The surface roughness of the 3-nm-

thick carbon overcoat of the hard disk drive is expected to 

Fig. 3  Near-ield Raman spectra for the 20-nm amorphous carbon ilm (a) and (b) and the 3-nm-thick carbon overcoat of a commercial hard disk 

(c) and (d) obtained at two diferent positions
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be lower, which can improve the enhancement and reduce 

the signal-to-noise ratio. The 3-nm carbon overcoat of the 

hard disk drive is fabricated in a facility dedicated to carbon 

deposition. Consequently, the inluence of foreign atoms on 

the resulting Raman signal is reduced. In contrast, the sput-

ter facility used for the 20-nm carbon coating is also used for 

the deposition of various other materials. As a consequence, 

foreign atoms can play a more pronounced role in reducing 

possible enhancement as well as afecting the signal-to-noise 

ratio. Another aspect that needs to be considered is the lay-

out of the individual samples. The 20-nm amorphous carbon 

ilm consists of a silicon substrate and a 20-nm amorphous 

carbon ilm on the top surface. A hard disk drive typically 

has a multilayer structure including a lubricant layer on the 

top surface, followed by a 3-nm carbon overcoat and sev-

eral other layers magnetic and non-magnetic layers. Some 

of these layers can contain thin ilms with platinum group 

metals and alloys of those metals. Those metals and alloys 

are normally plasmonically inactive. However, when plac-

ing a near-ield probe above the surface, the metallic layer 

may help create a gap mode between the tip and the surface, 

thereby enhancing the Raman signal [16].

The results presented for amorphous carbon and the 

hard disk overcoat underline the great advantage of using 

near-ield techniques such as tip-enhanced Raman spectros-

copy for the characterization of ilms with a thickness in 

the nanometer range. A small carbon layer thickness of 20 

or 3 nm can lead to a poor signal-to-noise ratio and rather 

weak far-ield signal. An increase in the acquisition time 

signiicantly improves the Raman signal as well as the sig-

nal-to-noise ratio. However, longer acquisition times are not 

recommended since this increases the probability to induce 

structural changes in thin carbon ilms by the measurement 

itself. Due to the signal enhancement in tip-enhanced Raman 

spectroscopy, materials known as weak Raman scatterers 

and nanometer-thick ilms can be investigated with high 

sensitivity using shorter acquisition times. The increased 

sensitivity and gain in intensity allow for an accurate decon-

volution of the D-peak and G-peak for carbon materials. 

This in turn enables us to study structural changes such as 

graphitization and amorphization precisely. Furthermore, the 

spatial resolution of tip-enhanced Raman spectroscopy is on 

the order of 50 nm. Due to exact knowledge of the tip loca-

tion during the measurements, this technique can be used to 

study induced chemical changes with a high spatial resolu-

tion. In heat-assisted magnetic recording, high temperatures, 

high heating and cooling rates (approx.  1011–1012 K/s) and 

thermal cycling are encountered [17, 18]. This can lead to 

signiicant changes of material properties including material 

degradation and oxidation of the carbon overcoat and the 

lubricant protecting the magnetic medium [19]. With respect 

to the carbon overcoat, laser heating may result in oxidation, 

graphitization, amorphization or a change in the  sp2/sp3-ratio 

[17, 20, 21]. Thus, tip-enhanced Raman spectroscopy can 

serve as a unique characterization technique since it allows 

the investigation of material changes on a nanometer scale 

and thereby permits the correlation between a change in 

materials properties with the tribological performance and 

reliability of a hard disk drive. Especially for heat-assisted 

magnetic recording, tip-enhanced Raman spectroscopy can 

be considered as the right tool due to the accessible scale 

and high sensitivity, which is needed to successfully probe 

nanometer-thick carbon ilms. In order to capture thermally 

induced changes in the 1.5-nm-thick lubricant layer, it may 

be necessary to use tip-enhanced IR-spectroscopy.

4  Conclusions

Far-field Raman spectroscopy and tip-enhanced Raman 

spectroscopy were used to investigate 20-nm-thick amor-

phous carbon ilms fabricated by plasma-enhanced chemical 

vapor deposition and 3-nm-thick carbon overcoats of hard 

disk drives. From the experimental results, we conclude:

1. The far-ield Raman spectrum for both samples was 

weak and exhibited a poor signal-to-noise ratio due to 

the small carbon thickness.

2. Near-ield spectra were observed for all samples inves-

tigated and the recorded near-ield Raman spectra dem-

onstrated good repeatability.

3. Signiicant enhancement using tip-enhanced Raman 

spectroscopy was observed for all samples tested. The 

largest enhancement factor was found for the hard disk 

drive carbon overcoat leading to an enhancement on the 

order of  106.

4. In addition to the well-known D-peak and G-peak for 

carbon systems, additional peaks arising as shoulders 

were observed for both samples. The appearance of 

those peaks is well correlated with published work 

on similar material systems performed using surface-

enhanced Raman spectroscopy.

Based upon the results presented in this paper, it is appar-

ent that tip-enhanced Raman spectroscopy is a promising 

method for the investigation of thermally induced structural 

changes in the carbon overcoat of hard disk drives used for 

heat-assisted magnetic recording.
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